The photorefractive effect and the corresponding optical damage thresholds of novel LiNbO 3 waveguides fabricated by swift ion irradiation have been investigated. TE-and TM-mode operation have been characterized, and the influence of the beam propagation length analyzed. Optical damage levels similar to those of proton-exchanged waveguides have been found. In order to reduce optical damage, the influence of temperature has been investigated. An increase of more than a factor of 100 in the optical damage threshold has been obtained by moderate heating up to 90°C. The results are briefly discussed under the two-center model for the photorefractive effect in undoped LiNbO 3 , and compared with data from other types of LiNbO 3 waveguides.
INTRODUCTION
Photorefractive optical damage (POD) is a main drawback for high power photonic devices based on LiNbO 3 crystals and waveguides [1] [2] [3] [4] [5] . The photorefractive effect consists in a light-induced refractive index change Δn arising from a cascading process that combines light-induced charge transport inside the crystal with the electro-optic effect [6] . It produces beam degradation during propagation and light intensity limitation effects, i.e., what is generally called POD. Thus, there has been much activity devoted to characterizing and reducing it (see, for instance, [2] [3] [4] [5] 7] ). Particular attention should be paid to waveguide configurations, because the long propagation lengths and the high intensities reached increase optical damage effects. In fact, a large number of works are devoted to this subject, although the data from different authors often show a considerable variability and even some contradictions (see [2] and references therein). Most experiments have been performed in Ti-indiffused and protonexchanged (PE) waveguides [3, 8, 9] whereas the information is scarcer for ion-implanted waveguides [3, 10] . Regarding the theoretical description of POD in undoped LiNbO 3 waveguides, a full understanding of the different manifestations of this phenomenon has been lacking for a long time. Only recently has optical damage been revised [11] [12] [13] to the light of a two-center band transport model previously proposed for photorefractive charge transport in LiNbO 3 bulk crystals [14] . This theoretical approach has been able to accurately describe a variety of experimental features of POD [12, 13] , allowing for a better understanding of the phenomenon.
Over the past 10 years, a new method of producing nonlinear LiNbO 3 optical waveguides using swift ion irradiation has been reported [15] [16] [17] [18] [19] . It involves substrate irradiation with heavy-mass ions with energies in the range 5-50 MeV, requiring much lower irradiation fluences (1-4 × 10 14 cm −2 ) and, thus, much shorter irradiation times in comparison with similar guides prepared by conventional ion implantation. The crystal amorphization that gives rise to the optical barrier is produced by electronic excitation processes. In other words, the method relies on the electronic energy deposition (stopping power) at variance with light ion implantation based on elastic nuclear collisions (nuclear stopping power). Moreover, due to the new amorphization mechanism of electronic instead of nuclear origin, the thickness of the optical barrier is easily programmable and can reach much higher values (up to 3-5 μm) than in the case of the usual ion implantation waveguides [19] . The guides support ordinarily and extraordinarily polarized modes and, unlike other nonlinear LiNbO 3 waveguides, they show for both polarizations step-like, high-jump index profiles (Δn e 0.1, Δn o 0.2). Initially, the guides presented moderate/high propagation losses (1-10 dB∕cm) [17, 18] , but very recently, using higher temperature annealing treatments (350°C-375°C) and thick enough amorphization barriers, propagation losses were reduced to below 0.5 dB∕cm [20] . Furthermore, good nonlinear optical (χ 33 ) and electro-optic (r 33 ) coefficients have been reported [19, 21] , so that the novel waveguides have become good candidates for nonlinear devices. However, POD effects have been studied only preliminarily and using nonoptimized waveguides with high propagation losses of 1-5 dB∕cm [21] . Moreover, those data were taken from an X-cut configuration, although Z-cut geometries are usually preferred for efficient nonlinear applications.
Therefore, the aim of this work is to address a detailed and systematic investigation of POD of swift heavy ion irradiation LiNbO 3 planar waveguides. The POD was studied by two complementary techniques: (i) interferometric measurement of the light-induced refractive index changes responsible for the beam damage and (ii) determination of the corresponding optical damage thresholds, i.e., maximum light intensity supported by the waveguide without distortion. In addition, we have observed the distorted output beam profile/spot to complete the information on beam degradation. TE-and TM-mode operation have been characterized and the role of the propagation length analyzed. The influence of increasing temperature is also investigated, showing that this method allows us to considerably reduce optical damage. The results are discussed in the framework of the recently reported twocenter model for POD in undoped LiNbO 3 waveguides [12, 13] and compared with data from other waveguides.
EXPERIMENTAL METHODS
A. Waveguide Fabrication and Basic Characterization 1. Sample Fabrication The waveguides have been fabricated by irradiation with fluorine ions with an energy of 30 MeV at an incidence angle of 70°and a fluence of 3 × 10 14 cm −2 , on Z-cut congruently melting lithium niobate substrates purchased from Photox Optical Systems (Oxford, UK). Irradiations have been carried out in the 5 MV tandem accelerator of the CMAM at the University Autónoma of Madrid [22] . In order to reduce propagation losses [20] after irradiation, samples have been subjected to an annealing treatment in air at 350°C for 90 min.
Waveguide Characterization
The waveguides have been characterized by measuring the refractive index TE (ordinary refractive index n o ) and TM (extraordinary refractive index n e ) profiles using the prismcoupling m-line method with λ 632.8 nm. The fabricated waveguides support six ordinary modes and five extraordinary modes. Their profile is step-like, with a thickness of 2.4 μm and refractive index jumps of 0.1 and 0.2 for extraordinary and ordinary polarization, respectively.
The propagation losses were determined through the decay of the light intensity of the guided mode at λ 632.8 nm, measured via the light scattered along the beam path recorded by a CCD camera [23] . After the annealing treatment, the waveguides present very low propagation losses below 0.5 dB∕cm for both TE and TM polarizations.
B. Optical Damage Measurements
Optical damage has been characterized using two complementary techniques: (i) interferometric measurements of the photorefractive index change and (ii) determination of the light intensity damage thresholds (IDTs) (see below).
The photorefractive index change has been measured using a Mach-Zehnder interferometer [24] recording the time evolution of the light-induced phase shift Δϕ between the signal and reference beams until saturation. From this Δϕ the average jΔnj along the beam path l is easily obtained as jΔnj λΔϕ∕2πl. A schematic illustration of the setup is shown in Fig. 1(a) . Optical damage is induced by a green laser beam (λ 532 nm, a wavelength very effective in generating the photorefractive effect). For the probe beam, a low intensity 633 nm He-Ne laser is chosen because of the low photorefractive sensitivity at this wavelength. The two laser beams are coupled into the waveguide through a rutile prism, exciting the fundamental mode in both cases. When the green pump light is switched on, the effective index in the probe arm changes and a difference in the relative phase of the wavefronts is introduced. With a small diaphragm placed in front of the detector, it measures the intensity change due to movement of the light interference pattern.
A standard single-beam method using incoupling and outcoupling rutile prism couplers, as described in [9] and schematically shown in Fig. 1(b) , was used to determine light IDTs. The IDT is defined by the incoupled intensity I in at which the outcoupled intensity I out is no longer proportional to I in . Then, this magnitude determines the range of intensities at which one can safely work without beam degradation along propagation. A lens is placed before the input rutile prism to facilitate reaching high incoupled intensities. A long focal length (300 mm) is chosen so that the beam is collimated along the guide propagation length, and one single mode (the fundamental) is excited. While continuously illuminating the waveguide with light at λ 532 nm, the output power passing through a diaphragm placed 20 cm behind the waveguide is monitored. The size of the diaphragm is chosen such that at low intensities (no optical damage), about 70% of the total outcoupled power is transmitted. This way, the dependence I out versus I in loses linearity when the beam starts to distort.
More information about the light beam quality, particularly above the IDT, can be obtained by a profilometer that captures a digital image of the outcoupled beam.
The determination of the light intensity inside the waveguide is a key point in both experimental techniques. In all data presented in this work, we evaluate the light intensity inside the waveguide I in just at the input point, i.e., next to the first coupling prism, using the procedures describe in [25] . With this method a 10%-15% error in the determination of light intensity is estimated. 
RESULTS

A. Photorefractive Index Changes
The light-induced refractive index change Δn experimented by the He-Ne probe beam versus the incoupled light intensity I in for TM (n e ) and TE (n o ) damage beams (fundamental modes at λ 532 nm) has been measured using the MachZehnder interferometer. In each case, the reading beam has the same polarization as the green pump beam and the propagation length is 7 mm. A logarithmic plot of jΔnj (note that Δn < 0 [6]) versus I in for the two polarizations is shown in Fig. 2 .
In both curves one could distinguish three regions. In the first region (I in < 40 W∕cm 2 ), the values of jΔnj are nearly independent of I in as predicted by the standard onecenter model of the photorefractive (PR) effect [6] . From I in > 40 W∕cm 2 , jΔnj markedly increases (region II), and finally (region III) the curves tend to saturate. Comparing the two curves in the low intensity region, jΔn o j is substantially lower than jΔn e j (by roughly a factor 3). This difference is consistent with the different magnitude of the electro-optic effect that gives rise to jΔnj. Conversely, in the high intensity region both values are unexpectedly similar, reaching a value of jΔnj ∼ 2.5 × 10 −5 . These trends will be further discussed below in Section 4.
B. Light Intensity Damage Thresholds
Light IDTs have been measured for TE and TM fundamental modes for nearly the same propagation length as in Fig. 2 (in  this case l 8 mm) . The results are plotted in Fig. 3 . The IDT values, for which the linearity with I in is lost, are ∼50 and ∼150 W∕cm 2 for TM (n e ) and TE (n o ) beam propagation, respectively. Note that both IDT values are in the initial part of region II jΔnI in j, appearing at a similar value of jΔnj ∼ 10 −4 (see Fig. 2 ). The lower intensity threshold for TM modes is consistent with the higher photorefractive index change exhibited in Fig. 2 .
C. Role of the Propagation Length
As POD is a nonlinear effect, one could expect that the optical damage threshold is affected by the propagation length. However, this important aspect has rarely been considered in previous work. In fact, in some works the propagation distance of the experiments is difficult to find or simply is not specified. To investigate this point, optical damage thresholds have been measured for TE and TM modes at two additional optical lengths l 5 and l 16 mm. Figure 4 shows the obtained curves for TE [4(a)] and TM [4(b)]. A decrease of the IDT as l increases is observed. The rate between the two extreme l values is about a factor of 10 for TM polarization and slightly lower for TE modes. This dependence with the propagation length can be easily understood by taking into account that for moderate and especially for high I, the beam undergoes photorefractive self-defocusing due to the refractive index change. This is a well known phenomenon that has been thoroughly studied in previous work on the subject (see, for instance, [26, 27] ). Therefore, the degradation of the beam is more pronounced as l increases in accordance with the lower values of IDT.
D. Beam Degradation above the Optical Damage Threshold
In order to get more information about the degradation of the beam profile above the IDT, we have monitored the output beam profiles at a number of increasing intensities with a CCD camera. The obtained images for TM polarization (n e ) and 8 mm propagation length are shown in Fig. 5 . It can be seen that above the IDT [IDT 50 W∕cm 2 from Fig. 4(b) ], the output beam starts to enlarge perpendicular to the z-axis due to a self-defocusing effect corresponding to the photorefractive decrease of n in the illuminated region. For higher intensities the beam filaments show three, four, and more spots while progressively degrading. This surprising behavior has been already observed in Z-cut α-phase PE waveguides [28] and successfully explained by the two-center model [13] .
E. Influence of Waveguide Temperature: Optical Damage Inhibition
Previous results show moderate POD levels in comparison with other types of LiNbO 3 waveguides, but they are still too high for efficient high power operation. Heating the sample has been reported as a method of reducing the POD in LiNbO 3 crystals [29] and PE waveguides [30, 31] . Furthermore, in the two-center model this reduction is well explained through the effect of the enhanced thermal excitation of electrons from Nb Li centers [12] . Thus, we have investigated whether this method also applies to swift heavy ion (SHI) waveguides. The dependence of the IDT with temperatures in the range 25°C-90°C has been determined in an SHI LiNbO 3 waveguide [see Fig. 6(a) ] for extraordinary polarization. We can observe an increase of the IDT of more than a factor of 100. In fact, for moderate temperatures of 90°C, POD appears at remarkably higher intensities of about 10 KW∕cm 2 .
To further illustrate the role of temperature, we show in Fig. 6 (b) how a highly distorted output beam of I in 1200 W∕cm 2 at RT (corresponding to that of the last image in Fig. 5 ) evolves as the temperature of the waveguide increases without changing intensity. One can clearly appreciate that beam degradation reduces following a sequence roughly the opposite of that appearing on increasing I in in Fig. 5 . As expected, at 90°C a totally undistorted beam is recovered, since for this temperature the IDT appears at a higher intensity I in ∼ 10000 W∕cm 2 [see Fig. 6(a) ].
DISCUSSION
The wide set of experimental data presented in this work provides an in depth characterization of POD in SHI LiNbO 3 waveguides, including photorefractive index changes, optical damage thresholds, and beam degradation profiles for intensities above the IDT. As high intensities are reached in the experiments, a first point to clarify is the possible contribution of thermo-optic effects to the refractive index change. However, since the thermo-optic coefficient of undoped LiNbO 3 is positive [32] , thermal refractive index changes should be also positive, leading to self-focusing instead of the observed self-defocusing behaviors. Therefore, in the range of intensities of our experiments, relevant thermo-optic contributions can be discarded. The obtained data (both jΔnj and IDT) for the extraordinary polarization are roughly similar to those reported for α-phase PE waveguides [9, 13, 31] that only support this polarization. Note that this implies that such SHI waveguides as α-phase PE guides [8, 33] are better than Ti-indiffused and bulk crystals regarding POD. For TE modes (n o ) the photorefractive index change (see Fig. 3 ) is smaller at lower and moderate intensities, although it saturates at higher intensities at roughly the same Δn as TM modes (n e ). To explain this nontrivial behavior, one has to consider that the electro-optic effect writes
E being the photorefractive space charge field, r the electrooptic coefficient, and n the average refractive index for each polarization. In principle, one could expect a similar photorefractive field E [6] for both polarizations, because the photovoltaic effect, the main charge transport mechanism giving rise to E in LiNbO 3 [6] , is nearly the same for both polarizations [34] . Then, using the values of the electro-optic coefficients and refractive indexes of LiNbO 3 , one obtains n 3 e r 33 ∕n 3 o r 13 2.8, in good accordance with the factor of ∼3 observed between the two curves for low intensity (see Fig. 2 ). On the other hand, the saturating region at high I values appears when the negative Δn profile is high enough to induce on the beam an important self-defocusing, and thus a decay of the light intensity along propagation. In other words, saturation is produced by the POD. As can be seen in Fig. 2 , this effect occurs for a value of jΔnj ∼ 2.5-3 × 10 −4 , and, as expected, it does not depend on the beam polarization. Obviously, from Eq. (1) the space charge field E responsible for this jΔnj should be higher for ordinary polarization. A similar saturating behavior of jΔnj has been reported for PE waveguides, but in holographic experiments [35] .
The shape of the obtained dependence of jΔnj on I (see Fig. 2 ), already observed in α-phase PE waveguides [24] , is well explained with the two-center model for the photorefractive effect in LiNbO 3 waveguides recently reported [13] . According to this model, in the low intensity region, only the Fe impurity plays a role (one-center approach) [6] , but as the intensity grows, a secondary center (niobium in the lithium site) contributes increasingly to jΔnj [11] [12] [13] . Thus, these data can be considered a further support for the validity of the two-center photorefractive model to describe POD in undoped LiNbO 3 waveguides. The obtained results for the dependence of IDT on the propagation length l prove the key role of this geometrical parameter that should be specified in any experiment of optical damage of waveguides. This result should be general and, thus, applicable to all types of LiNbO 3 guides. In fact, the large dispersion of optical damage data between some papers [2, 8, 9 ] might be explained, at least partially, as a consequence of the different propagation length of each experimental configuration.
Finally, the 100 enhancement factor of IDT from RT to 90°C is an important result in order to avoid optical damage for practical applications. This effect has been previously investigated for bulk crystals [29] and waveguides [36] , but IDT changes seem to be smaller (the enhancement factor is ∼10) for similar or even larger temperature changes. Other inhibition methods, such as substrate doping with damage resistant impurities (Mg, Zn, etc), could also be applied to SHI waveguides, although they have not been used so far. Further work in this direction should also be relevant and may further reduce optical damage effects.
SUMMARY AND CONCLUSIONS
In summary, the photorefractive effect of SHI LiNbO 3 waveguides has been systematically characterized, finding an intensity response in accordance with the recently reported two-center charge transport model [12, 13] . In addition, the light IDTs for TE and TM polarizations have been determined, obtaining values that decrease with the propagation length and that are roughly similar to those of PE waveguides for TM (extraordinary polarization). Finally, moderate heating (90°C) allows a remarkable reduction in photorefractive damage, increasing the IDT by a factor 100, i.e., reaching values comparable to or even better than those presented by other LiNbO 3 waveguides. Therefore, the set of reported data indicate that regarding POD, SHI LiNbO 3 waveguides are really competitive with other types of LiNbO 3 guides. This property, together with other advantages, such as high refractive index profile jumps for both polarizations, opens the door for their successful application for a variety of photonic devices.
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